High-resolution real-time tomography of biological tissues is important for many areas of biological investigations and medical applications. Cellular level optical tomography, however, has been challenging because of the compromise between transverse imaging resolution and depth-of-field, the system and sample aberrations that may be present, and the low imaging sensitivity deep in scattering tissues. The use of computed optical imaging techniques has the potential to address several of these long-standing limitations and challenges. Two related techniques are interferometric synthetic aperture microscopy (ISAM) and computational adaptive optics (CAO). Through three-dimensional Fourierdomain resampling, in combination with high-speed OCT, ISAM can be used to achieve high-resolution in vivo tomography with enhanced depth sensitivity over a depth-of-field extended by more than an order-of-magnitude, in realtime. Subsequently, aberration correction with CAO can be performed in a tomogram, rather than to the optical beam of a broadband optical interferometry system. Based on principles of Fourier optics, aberration correction with CAO is performed on a virtual pupil using Zernike polynomials, offering the potential to augment or even replace the more complicated and expensive adaptive optics hardware with algorithms implemented on a standard desktop computer. Interferometric tomographic reconstructions are characterized with tissue phantoms containing sub-resolution scattering particles, and in both ex vivo and in vivo biological tissue. This review will collectively establish the foundation for high-speed volumetric cellular-level optical interferometric tomography in living tissues.
INTRODUCTION
The light microscope is a foundational tool in the biological and medical sciences, and has enabled many historic discoveries and applications. Fundamentally, however, aberrations in optical microscopy reduce image resolution and contrast and can limit the imaging depth when focusing in scattering biological tissues. The static correction of aberrations may be achieved through advanced and optimal lens design, or more sophisticated assemblies of multiple lenses in microscope objectives. This static correction, however, does not offer flexibility for simultaneously correcting aberrations for all imaging depths, or adaptability to correct sample-or position-dependent aberrations for high-quality, high-resolution optical tomographic imaging. Hardware-based adaptive optics (AO) methods have demonstrated remarkable improvements in optical image resolution and contrast in non-interferometric imaging or microscopy techniques, as well as in optical coherence tomography (OCT) [1, 2] .
Optical coherence tomography (OCT) and Interferometric Synthetic Aperture Microscopy (ISAM)
Optical coherence tomography has enabled in vivo interferometric tomography of scattering biological tissues with a relatively large imaging depth (1-3 mm), and has found numerous biological applications as well as clinical applications in ophthalmology, cardiology, gastroenterology, oncology, surgery, and primary care, to name only a few fields [3] [4] [5] . Near-infrared broadband optical sources enable micron-scale axial resolution in OCT, but the transverse resolution, based on Gaussian optics, is inversely proportional to the NA and typically low, resulting in an asymmetric 3D pointspread-function. The use of higher NA optics has enabled cellular resolution, but with a significant reduction of the depth-of-field. While one solution is to acquire and combine tomograms from different focal depths, at the expense of a longer acquisition time and mechanical scanning hardware, a computed imaging technique based on solution to the inverse scattering problem for OCT can potentially provide a more efficient and robust approach.
We have developed Interferometric Synthetic Aperture Microscopy (ISAM) [6] [7] [8] for this purpose, which enables object reconstruction with spatially invariant focal-plane resolution throughout the imaging depth, without having to scan the focus. Although ISAM corrects defocus for all depths, it does not account for the aberrations present in the incident beam, and hence the need and motivation for the development and use of CAO [9, 10] . Mathematically, ISAM is a solution to the inverse scattering problem that relates the Fourier transform of the measured data to the Fourier transform of the scattering potential of the object to be reconstructed. ISAM has broad commonality with other computed imaging techniques, and in particular, a strong physical and mathematical connection to synthetic aperture radar (SAR). The computational algorithms for ISAM have been applied to various beam-scanning geometries including rectangular Cartesian coordinate systems, radial imaging systems, and full-field implementations [11] [12] [13] . ISAM has been demonstrated for both low and high NA systems [14] , and fast real-time computationally-efficient algorithms have enabled in vivo ISAM using desktop computers with graphics processing units (GPUs) [8] . ISAM and CAO utilize the amplitude and phase information from the collected scattered light from interferometric OCT systems, but require sufficiently phase-stable data for accurate reconstructions. Fortunately, current fast-scanning spectral-domain OCT systems offer the needed phase stability, and recent algorithms and approaches have been developed to not only characterize the phase stability of OCT systems, but also correct unstable phase data to improve the tomographic reconstructions for both ISAM and CAO [15] [16] [17] .
Computational correction of optical aberrations
Aberrations in optical microscopy degrade resolution, reduce contrast, and reduce signal-to-noise. Aberrations, as defined as deviations from ideal optical wavefronts, can be caused by the optical system elements, or by the sample itself. There has been consider interest in the use of hardware-based AO solutions to improve image and signal quality. Hardware-based AO provides a means to correct aberrations by physically modifying the effective pupil phase profile of the objective lens. Hardware-based AO has been applied for OCT applications [18] , and for high-resolution imaging of the rods and cones in the human retina [19] . A disadvantage, however, of hardware-based AO methods is that they require relatively elaborate and expensive optical components, and optimization of the aberration correction typically needs to occur at the time of imaging and data collection.
Correcting aberrations computationally can provide an alternative method to hardware-based AO, providing the flexibility of post-data-acquisition correction without the hardware overhead. Some computational methods of numerical aberration correction are found in digital holography or digital holographic microscopy [20, 21] . Another computational AO method proposed space-variant deconvolution to compensate sample-specific aberrations [22] . In our line of research, we utilize a method of post-data-acquisition aberration correction that computationally modifies the effective pupil phase profile, which corresponds to the complex point-spread-function of an OCT system. The OCT tomogram captures both the amplitude and phase of the backscattered field. In OCT and ISAM, a broadband optical signal is collected, and with a spectral-domain OCT system, reconstruction is simplified by the simultaneous, and therefore phase-stable, acquisition of the wavelength-dependent interferometric signal at each lateral scan position as the focused beam is scanned across the tissue. The focused beam, similar to a confocal microscope, effectively rejects cross-talk from adjacent regions and out-of-plane scattering in turbid tissue specimens, which distinguishes this approach from other digital holographic microscopy techniques. Figure 1 shows a schematic of a typical spectral-domain OCT system used to capture phase-stable data for ISAM and CAO reconstructions. Similar to standard OCT systems, low-noise optical sources at near-infrared wavelengths (800-1300 nm) are preferred for deeper tissue imaging in the biological window of tissues. The sample-arm optics shown in Figure 1 include options for three-dimensional stage scanning or beam scanning with galvanometer-mounted mirrors. Other beam-delivery options are possible including catheters and handheld probes. The sample-arm optics in Figure 1 also shows a plano-convex cylindrical lens, which was specifically added for these results to induce astigmatism in the optical beam to highlight the ability of CAO to computationally identify and correct this induced aberration (shown in later figures). A representative OCT image of a sarcoma (tumor) in muscle is shown in Figure 1 as well. An overview of the computational processing in ISAM and CAO is shown in Figure 2 . The background spectrum was subtracted from the raw data and a Hilbert transform was performed along with k axis to correct for the fixed and material dispersion to obtain the complex interferometric signal S(x,y;k). The inverse Fourier transform was then applied to obtain OCT(x,y,z), and the focus depth was shifted to the depth corresponding to zero optical path delay (z=0) by applying a circular shift. After a 3D Fourier transform, a 3D aberration correction filter was applied to the signal. The resulting aberration-corrected OCT tomogram was then obtained by taking a 3D inverse Fourier transform, and the aberration-corrected ISAM reconstruction was obtained by ISAM resampling, followed by a 3D inverse Fourier transform. Before ISAM or CAO processing, a phase-correction algorithm was applied to OCT(x,y,z) in order to remove axial and transverse phase noise from the axial path-length fluctuations in the interferometer, or from beam scanning instabilities. 
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A representative set of en face OCT and ISAM images from a 3D silicone gel-based tissue phantom with embedded subresolution scattering particles (titanium dioxide) is shown in Figure 3 . These en face planes were approximately 16 Rayleigh ranges away from the focus of the beam. At this plane, the OCT image shows clearly broadened point-spreadfunctions, as well as evidence for interference between scattered waves from nearby scattering particles. Following ISAM reconstruction, significant improvement in transverse resolution is achieved, equivalent to that at the focus of the beam, and evidence of interfering wavefronts between nearby particles is no longer present. These images were part of a larger 3D volume of data acquired and processed with a personal computer and GPU [8] . The reconstructed volume spans approximately 40 Rayleigh ranges. The SD-OCT/ISAM system utilized a 1300 nm source and captured data at an A-scan rate of 92 kHz, resulting in a frame rate of 150 fps (512 A-scans/frame). Computational aberration correction on OCT and ISAM reconstructed datasets is shown in Figure 4 . A silicone tissue phantom with embedded sub-resolution particles of titanium dioxide (representing point scatterers) is used. Astigmatism was purposely introduced into the optical imaging beam by the addition of a cylindrical lens in the sample arm (Fig. 1) . This results in two line focal planes within the sample, as shown for the OCT data set (Fig. 4, arrows) . Following CAO of the OCT data set, the plane of least confusion now has point-like in-focus objects, and the two former planes of line foci show out-of-focus circularly-shaped scattering features. Finally, after applying ISAM to the CAO-corrected data, all planes shown point-like scatterers. Some residual effects of other and higher-order aberrations are still evident by the non-radially-symmetric objects. The post-acquisition process of computationally correcting these aberrations is highlighted in Figure 4 , on the right. Plots showing optimization metrics of the image plane (true focus) are shown for various adjustments to the Zernike polynomials. The images on the far right show the amplitude and phase images for the three planes in the dataset. The top right set shows the initially aberrated objects (red box), and the bottom right set shows the objects following CAO (red box).
f.
Value of image metric (nominal focus I a. Computational adaptive optics and ISAM are next applied to highly-scattering ex vivo rat lung tissue, as shown in Figure 5 . Three en face planes from a 3D data set are shown, for both the original 3D OCT as well as the 3D CAO-ISAM corrected data. The same system in Fig. 1 was used here, which illuminated the tissue with an astigmatic beam. The focus of the beam was 660 µm into the tissue, and the planes shown were 570-640 µm above the plane of least confusion. These results demonstrate the use of these computational optical imaging approaches for improving the image quality, even in highly-scattering biological tissue, and how more useful image features can be reconstructed from the acquired data.
OCT Aberration-Corrected ISAM Figure 5 . Computational aberration correction in highly-scattering ex vivo rat lung tissue. The 3D data set was acquired with an astigmatic illumination beam generated by the system in Fig. 1 . The tissue surface was 660 µm above the plane of least confusion, and the depths given were relative to the tissue surface. The aberration-corrected ISAM data set clearly resolves alveolar spaces within the lung tissue that are obscured in the original OCT data set.
CONCLUSIONS
Computational approaches in optical imaging, such as CAO and ISAM presented here, have the potential to open new research directions, not only for optical science and engineering, but also for biological discovery and medical applications. In applications where hardware AO has made a significant impact, it may be possible to augment or even replace the AO hardware with CAO approaches, if interferometric optical imaging systems are utilized. Ongoing research is investigating the use of CAO in the living human eye for resolving the photoreceptors in the retina, with early success that appears comparable to hardware-based AO results. Finally, the computed pupil in CAO provides the flexibility for a large number of investigations and correction of higher-order aberrations that when used in conjunction with hardware AO, or independently, may further improve image quality and usefulness.
